Abstract. 2014 Results are reported on a systematic study addressed to an effective fabrication of nano-tips by means of carbon contamination in a scanning electron microscope. Nano-tips with angular aperture of 10°, apical radius of about 5 nm,1 03BCm long can be efficiently produced by our method in less than 60 s of electron beam exposure; it involves, in particular, successive focusing during tip growth and the use of a carbon block as a source of contaminant. These tips have been used as high aspect ratio and low capillary force probes in atomic force microscopy, and as nano-sized field emitters for electron guns.
Introduction
There is nowadays a wide interest in the fabrication of nano-sized tips. At least three major areas are concerned with their applications: (i) Scanning Probe Microscopy (SPM) [1] , (ii) , field emission [2, 3] and (iii) field emitter displays [4] . Here we deal specifically with the first two cases only; however case (iii) will benefit from progress in field (ii).
Case (i) requires probes with the highest possible aspect ratio (i. e., the smallest tip angular aperture), mechanical strength and the smallest apical radius in order to profile irregular surfaces with steep slants and to attain high resolution. An additional requirement may be the electrical conductivity when the probes are to be used in scanning tunneling microscopy and electric force microscopy. Case (ii) demands sharp and electrically conducting emitters, in order to get the highest possible current densities and coherence, with the lowest extraction voltage, for use in electron guns applied in various types of microscopy and devices.
Usually, probes are made out of metals (e.g., W, Pt, Pt/Ir), semiconductors (Si) or insulators (Si3N4); the latters are sometimes coated with a conducting layer (e.g., Au 5 . specimen material, shape and clamping, 6 . stub material, 7 . coating before carbon-growth for non-conductive specimens.
The pressure in the specimen chamber during the investigations ranged from 5 x 10-5 to 1 x 10-4 Torr and the hydrocarbon partial pressure was about Torr, measured with a mass spectrometer [7] . Since it is well known that the contamination rate C increases on decreasing the accelerating voltage V (C is proportional to V-0-8, Fig. la) [8, 9] and is proportional to the current density J at specimen level, one would expect the best results are obtained at low voltages. However, the gain in contamination at low voltage does not balance the contamination reduction due to the decrease of current density connected with the voltage change (Fig. lb) [8, 9] . In (b) shows that by increasing V by a factor of 2 (from 15 to 30 kV) the contamination decreases by about 57%, whereas the current density increases by a factor of 5, with a net gain in contamination by a factor of 2.5. and, in addition, a smaller cross-section at their base and a smaller apical angle, probably due to the smaller flanks of the beam cross-section than in the case of low voltage beams. An example is reported in Figure 2 . It is anticipated that the use of accelerating voltages above 30 kV should be advantageous.
(ii) The smallest spot size must be used (Fig. 3) (N 50 mm3) . The effectiveness of the C-block depends on both its surface and its distance from the specimen region where the C-growth has to take place. The growth rate is 120132 03BCm per minute. The adsorption properties of carbon have been known and exploited for long time. In the present situation it is believed that under vacuum the carbon block releases the contaminants previously adsorbed, thus creating a high concentration of carbon compounds in the proximity of the specimen, which favours the contamination growth [10] .
The contamination effect is also well noticeable when a large C-block (surface 50 cm2) is placed inside the specimen chamber ( e.g., in a corner). (Fig. 4) .
During the growth of contamination, the Secondary Electron (SE) signal (observed in the y-monitor) increases because of topographic (edge) effects [11] ; it increases until the tip has reached its maximum aspect ratio. The beam is then scanned and the geometrical quality of the tip assessed visually by tilting the specimen stage by 90° with respect to the electron beam.
The finest results are, however, obtained by a focusing sequence: the beam is first scanned for selecting the region of growth and for focusing, then scanning is stopped and C-growth initiated for a short time (~ 20 s); after that, scanning is resumed (thus the contamination process is drastically reduced), the magnificat ion is increased for refocusing and then the Cgrowth is re-started by stopping the scanning again, and so on for 2 or three times. In other words the top of the initial C-cone is used as the starting point for the following contamination instalment (Fig. 5) .
The results of the application of the two methods (just one focusing and several focusing procedures) show two different types of tip geometry. In the first case, the tip shape is that of a paraboloid rotationally symmetric; in the second case, the tip shape is that of a superposition of frustocones which end with a paraboloid (Fig. 5) Table I (see also Fig. 6a ).
A particular case of growth is shown in Figure 6b , where a protuberance of radius 1 nm has been formed at the end of the tip, probably due to a small shift at the very end of the growth. We (Fig. 7) . This possibility may be relevant in profiling problems (see Sect. 4.1). (Fig. 7) . The growth angle was 10° with respect to the pyramid axis, so that the scanning of the specimen was performed with the C-tip axis perpendicular to the sample surface. From Figures 8a and b , it is apparent the superior quality and accuracy of the image obtained with the carbon nano-tip, in particular with respect to the shape and size of the holes, and to the possibility of probing their bottoms. On the contrary, the images produced by the use of conventional tips clearly show the convolution of the hole with the tip shape: the (false) taper angle of the hole is the same as that of the pyramidal tip angle. Quantitative results worked out by observing a series of holes are reported in Tables II and III . Within the experimental and statistical errors, the dimensions of the holes are consistent with those supplied by the manufacturer of the grating, confirming that practically no artefacts have been produced by the nano-tips. The hole sizes reported in Table III have been measured at the top of the profile. Figure 9 ; this advantage, of paramount importance in the observation of soft organic and biological samples, results from the small apical size of the C-tips and possibly from the water/carbon interaction. It has been noted that the C-tips are brittle and tend to chip off in the presence of lateral forces (Fig. 10) , whereas the standard tips are much more robust.
Field Emission with C-Tip
Tips fabricated with the method described in Section 3 have been grown at the apex of electron microscope tungsten filaments and tested for emission in a ultra-high vacuum system (pressure less than 5 x 10-9 Torr). Field emission takes place, and currents from a few pA up to 0.2 MA Fig. 9 An example of application in the imaging and measurement of depth and size of blind holes has been given and comparison has been made to the case of using standard tips. It has also been shown that the capilary forces acting on a carbon nano-tip are smaller by one order of magnitude with respect to those acting on standard tips under the same conditions. Nano-tips made by carbon contamination (radius less than 5 nm) have been grown at the apex of ordinary electron microscope tungsten filaments, and field emission has been demonstrated to take place; its features are similar to those obtained with pointed tungsten filaments under the same geometrical conditions. However, current instabilities are a problem, which are believed to be related to the pressure in the field emission chamber, around 5 x 10-9 Torr. Modifications to the chamber to improve the vacuum are in progress.
We envisage the exploitation of such arrangements in electron microscopes equipped with field emission guns. 
